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ABSTRACT: The H2O layer thickness on flat hydroxylated SiO2 surfaces was
measured at various H2O pressures and substrate temperatures using in situ real-
time spectroscopic ellipsometry (SE). The in situ SE measurements were
conducted at 18.1, 27.2, and 30.4 °C (291.25, 300.35, and 303.55 K) in a warm-
wall vacuum chamber designed with a cooled sample stage. The H2O pressures
were varied up to the saturation H2O vapor pressures of 15.6, 27.0, and 32.5
Torr at 18.1, 27.2, and 30.4 °C, respectively. The SE measurements showed that
there were two distinct types of H2O layers on the hydroxylated SiO2 surface: a
thin strongly adsorbed layer and a weakly adsorbed layer that was much thicker
at high H2O pressures. The strongly adsorbed layer had thicknesses ≤1.2 Å and
was not lost by removing the H2O pressure. The strongly adsorbed layer could
be desorbed by heating the sample stage to 124 °C (397.15 K). The stability of
the strongly adsorbed layer was consistent with an adsorption energy of >20
kcal/mol. In contrast, the weakly adsorbed layer could be added or removed by increasing or decreasing the H2O pressure. The
weakly adsorbed layer obtained much higher multilayer H2O thicknesses at larger H2O pressures. For example, the weakly adsorbed
multilayer thickness was 7.5 Å at 92% relative humidity at 30.4 °C (32.5 Torr). Complementary in situ Fourier transform infrared
(FTIR) studies were also performed on hydroxylated SiO2 nanoparticles that were in qualitative agreement with the SE results.

I. INTRODUCTION
The interaction between H2O and SiO2 surfaces is critical in
the environment and in many technologies. H2O on SiO2
surfaces is important in the environment because SiO2 is one
of the most abundant oxides on earth and H2O liquid and
vapor are ubiquitous. H2O on SiO2 surfaces is vital in many
technologies because SiO2 is widely used as an insulator or
optically transparent material. The interaction of H2O at
interfaces has been surveyed in a number of previous
reviews.1−5 For H2O on SiO2 surfaces, models have been
developed for the SiO2 surface defined by silanol (hydroxy-
lated) or siloxane (dehydroxylated) groups.6 Many exper-
imental studies have also probed H2O adsorption on SiO2
surfaces.7−10

Although H2O adsorption on hydroxylated SiO2 surfaces has
been studied extensively, there are still many questions about
the H2O adsorbed layer. For example, what is the exact H2O
coverage on the hydroxylated SiO2 surface? What is the H2O
thickness in the initial vicinal or “ice-like”/ordered layer on
hydroxylated SiO2 surface? What is the H2O thickness in the
“liquid-like”/disordered layer in subsequent H2O layers on the
initial vicinal layer? How do these ice-like and liquid-like H2O

layer thicknesses depend on H2O pressure and temperature?
Answers to these questions will further expand our under-
standing of H2O on hydroxylated SiO2 surfaces.
The picture for “ice-like”/ordered and “liquid-like”/disor-

dered H2O on hydroxylated SiO2 surfaces was developed from
previous attenuated total reflection infrared (ATR-IR) spec-
troscopy studies.7,11 By analyzing the O−H stretching
vibrations, adsorbed H2O on flat hydroxylated SiO2 surfaces
could be characterized as either ice-like/ordered or liquid-like/
disordered. The ice-like water peak at 3230 cm−1 grows
exclusively until a relative humidity (RH) of ∼30%.7
Subsequently, the liquid-like peak at 3400 cm−1 grows along
with the ice-like peak until a RH of ∼60%.7 Further increases
in RH are dominated by the liquid-like peak. The H2O layer
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thicknesses were determined from the infrared absorbance of
the H−O−H bending vibration. At 20.8 ± 0.5 °C, the ice-like
layer has been reported to grow up to 3 monolayers (ML) or
8.5 Å where 1 ML = 2.82 Å at 30% RH.7 An additional 1 ML
or 2.82 Å to a thickness of 4 ML or 11.3 Å is added in a
transitional ice-like/liquid-like H2O layer between 30 and 60%
RH.7 The liquid-like layer has then been determined to grow
up to 10 ML or 28.2 Å prior to reaching 100% RH.7

H2O layer thicknesses on flat hydroxylated SiO2 surfaces
were also measured using X-ray photoelectron spectroscopy
(XPS).10 These XPS measurements were based on the electron
mean free path through the water film. Isobaric experiments at
1.5, 3, and 4 Torr were employed where the temperature was
varied to scan the RH.10 The reported H2O layer thicknesses
were ∼2 ML or ∼6 Å at ∼15% RH and ∼4 ML or ∼13 Å at
75% RH.10 These measured H2O layer thicknesses were in
approximate agreement with the previous infrared spectrosco-
py studies and other reported results.7,11,12

Ellipsometry analysis can also be utilized to measure the
H2O layer thickness on SiO2 films on silicon wafers.13 These
measurements were recorded after washing the wafer with HF/
HNO3 followed by exposure to boiling HNO3 for 5 min.

13 The
measured H2O layer thicknesses from these studies were less
than the H2O layer thickness from the previous infrared and
XPS investigations. At 18 °C, the H2O layer thickness was
between 2−4 Å for RH values between 40−80%, respec-
tively.13 More recent ATR-IR measurements on flat hydro-
philic SiO2 surfaces also obtained smaller H2O layer
thicknesses between 6−8 Å at 20.8 ± 0.5 °C for RH values
between 40−80%, respectively.8 H2O layer thicknesses on the
hydrophobic Si−H surface were even lower at ∼1 Å for RH
values between 40−80%, respectively.8
To quantify the thickness and nature of the H2O layer on

hydroxylated SiO2 surfaces, in situ ellipsometry and Fourier
transform infrared (FTIR) spectroscopy were utilized to study
the H2O layer on flat SiO2 samples and SiO2 nanoparticles,
respectively. In situ ellipsometry allows for real-time
monitoring of the H2O layer thickness. In situ FTIR
spectroscopy provides real-time identification of the species
on the hydroxylated SiO2 surface. These ellipsometric and
FTIR spectroscopy measurements help clarify the H2O layer
thicknesses and nature of H2O species on hydroxylated SiO2
versus H2O pressure at various substrate temperatures. These
studies should be useful to understand the role of the H2O
layer on hydroxylated SiO2 surfaces in various areas such as
heterogeneous atmospheric chemistry12 and tribology.14

Adsorbed H2O layers on thin-film surfaces may also be
employed for etching by a liquid layer in a vacuum
environment. Many etching processes are conducted in wet
aqueous solutions.15 Etching in an adsorbed H2O layer may
extend wet etching to liquid-like etching in vacuum. For
example, adsorbed H2O layers may dissolve various etchants
such as hydrogen fluoride (HF). SiO2 could be etched under
vacuum by HF in a liquid H2O layer during HF and H2O
codosing.16

II. EXPERIMENTAL SECTION
II.I. Vacuum Chamber and Substrates. The H2O

adsorption experiments on flat SiO2 samples were performed
in a warm-wall V-shaped vacuum chamber with a cooled
sample stage as illustrated in Figure S1, Supporting
Information. This chamber incorporated a V-shaped tube to
enable in situ spectroscopic ellipsometry (iSE) at an angle of

incidence of 70°. Static dose conditions were possible using a
pneumatic poppet valve at the exhaust port of the chamber.
The chamber walls were heated with a custom ceramic heater
(Valin Corporation). The chamber was pumped with a dual-
stage mechanical pump (Pascal 2010 C1, Pfeiffer Vacuum).
The base pressure of the chamber was 20 mTorr. The pressure
was monitored with a capacitance manometer (MKS Instru-
ments, Inc.)
The distinguishing feature of the chamber was the design for

the cooled sample stage shown in Figure 1. In this design, a

cylinder that extended into the vacuum chamber was brazed to
a Conflat flange. A hemicylinder was then attached at the end
of the cylinder as illustrated in Figure 1a. The rectangular top
of this hemicylinder was the horizontal sample stage. The
interior of the cylinder and hemicylinder was open to
atmosphere and permitted access for the water coolant supply
and return lines and a K-type thermocouple probe.
A copper cooling block was fixtured underneath the

rectangular top of the hemicylinder as shown in Figure 1b.
The sample stage was cooled by passing water coolant though
the copper block with a recirculating chiller (Thermo Scientific
Accel 500 LT). The coolant temperature was maintained by
the chiller. There was a void space between the copper block
and the hemicylinder except where the copper block attached
to the bottom of the rectangular top of the hemicylinder. This
design defined the sample cooling region and ensured that the
sample was at the coldest temperature in the chamber.
Otherwise, H2O condensation on other colder surfaces
becomes a serious problem at high relative humidity (RH).17

SiO2 films on silicon wafer samples (Silicon Valley
Microelectronics, Inc.) were used for the water adsorption
experiments. These flat samples had a SiO2 thickness of 500
nm formed by wet thermal oxidation of the silicon wafer.
Individual coupons cut from these wafers were 3 cm × 2 cm.

Figure 1. (a) Cooled sample stage showing the horizontal sample
stage inside the chamber and electrical feedthroughs and coolant lines
outside the chamber. (b) Cross sectional view of horizontal sample
stage with sample cooling region defined by Cu cooling block.
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The samples were cleaned by turning off the coolant and
removing the liquid from the sample stage to allow the warm
reactor walls to heat the samples. A chamber temperature of
145 °C was able to heat the sample stage to 124 °C. The
samples were heated at 124/145 °C stage/chamber temper-
atures for ≥1 h. After heating to 124 °C, the sample was
exposed to a H2O2 plasma for ∼30 s. The plasma was achieved
by flowing ∼100 mTorr of H2O2 into the chamber while
discharging a Tesla coil through the gas in the chamber. The
H2O2 plasma was stopped after the ellipsometric Delta signal
became constant indicating removal of ambient contamina-
tions.
In addition to cleaning carbonaceous debris from the

coupons, the H2O2 plasma also rehydroxylated the SiO2
surface and produced a hydrophilic surface.18 Water contact
angle measurements taken prior to cleaning showed a contact
angle of 51 ± 1°. Water contact angles after cleaning were <5°.
After precleaning and hydroxylation of the SiO2 surfaces, the
samples were cooled down to the experimental temperatures.
Liquid H2O (HPLC grade, Fisher Chemical) was housed in a
stainless-steel cylinder and heated to 90 °C to provide
sufficient H2O vapor pressure. Before the experiments and in
between H2O exposures, the chamber was purged with
ultrahigh-purity-grade (UHP) argon (Ar) gas (99.999%,
Airgas).
II.II. Spectroscopic Ellipsometry. A spectroscopic ellips-

ometer (iSE, J.A. Woollam) at an incident angle of 70° was
used to monitor the H2O layer thickness on the SiO2 surface in
situ and in real time. The wavelength range for the
ellipsometric measurements was 400−1000 nm. The ellips-
ometer continuously recorded measurements during H2O
exposures, averaging each data point for 5 s. CompleteEASE
software version 6.57 (J.A. Woollam Co.) was used to model
the ellipsometric data.
The ellipsometer model included the top H2O layer, the

SiO2 film and the underlying silicon support. The modeling of
the H2O layer assumed a refractive index of n = 1.337.19 This
refractive index is in good agreement with other literature
reports for liquid water.20,21 The refractive index for ambient
H2O vapor can be neglected in the ellipsometer model.22 The
500 nm SiO2|Si samples were modeled as a layer stack of the
SiO2_JAW

23| 10 Å INTR_JAW23| Si Temp JAW24,25 material
files from the CompleteEASE library.
The noise in the H2O layer thickness was ±0.03 Å. This

value for the precision of the ellipsometry measurements was
derived from 30 repeated SE measurements at stabilized
temperature and Ar purge conditions.26 This high precision
was obtained using an interference enhancement effect from
the 500 nm SiO2|Si sample.27 This SE sensitivity is
approximately 2 orders of magnitude below the 2.82 Å
diameter of an H2O molecule. Measured H2O thicknesses less
than 2.82 Å represent an average H2O coverage. This average
H2O coverage is integrated over the SE beam area of ∼0.5 × 1
cm2. H2O thicknesses <2.82 Å indicate an incomplete H2O
monolayer. Based on the number density of ice, one monolayer
of H2O has a coverage of ∼1.0 × 1015 H2O molecules/cm2.28

II.III. Calibrated Temperature Measurements. Temper-
ature calibration is important to know the saturation H2O
vapor pressure corresponding to the sample temperature. As
shown in Figure 1, the sample stage was designed to ensure
that the sample cooling region was at the coldest temperature
in the chamber.17 A thermocouple was located in the copper
block underneath the cooled sample stage. Even with this

design, preliminary experiments revealed that the sample
temperature was between the temperature of the cooled stage
and the chamber. To minimize the difference between the
sample and stage temperatures, an indium foil was sandwiched
between the sample and the stage to improve the thermal
conductivity.
The temperature of the cooled stage was calibrated by

increasing the H2O pressure. Using a constant H2O flow into
the chamber with no vacuum pumping, the H2O pressure
increased linearly with time. When the H2O pressure reached
the saturation pressure of the cooled stage, H2O condensed on
the stage and changed the slope of the H2O pressure versus
time. This saturation vapor pressure was equated to 100%
relative humidity (RH). The saturation vapor pressure was
then used to calculate the temperature of the sample stage
based on known saturation vapor pressures for H2O at
different temperatures.
The saturation pressures for H2O at the different stage

temperatures were then compared with saturation pressures
derived from spectroscopic ellipsometry measurements of the
H2O layer thickness on the sample. These saturation pressures
were identified by the threshold H2O pressures that led to an
overshoot in the H2O layer thickness on the sample. These
threshold H2O pressures were also used to determine the
sample temperature. The temperatures determined by these
two measurements of the saturation pressure were in good
agreement.
II.IV. FTIR Chamber and Substrates. In situ transmission

FTIR measurements of H2O adsorption on SiO2 nanoparticles
were performed in a chamber equipped with an FTIR
spectrometer and two BaF2 optical windows.29 The FTIR
spectrometer (Nicolet 6700 FTIR from Thermo Scientific)
utilized a high-sensitivity liquid-N2-cooled mercury cadmium
telluride (MCT-B) detector. The spectrometer, mirror, and
detector were purged with dry, CO2-free air. A total of 40 scans
at 4 cm−1 resolution from 400 to 4000 cm−1 were recorded for
each collected spectrum. The BaF2 windows were obtained
from Crystran (Part number BAFP38−3) and were mounted
to the chamber on window flanges. These flanges were heated
to 50 °C to reduce H2O adsorption on the window surfaces.
The transmission FTIR measurements were performed on

high surface area SiO2 nanoparticles (98%, US Research
Nanomaterials Inc.) with an average diameter of 60−70 nm.
The high surface area of these particles improved the signal-to-
noise ratio of the FTIR measurements compared with a flat
sample.30,31 Sample preparation involved pressing the SiO2
nanoparticles into a tungsten grid support (Tech-Etch). The
tungsten grids were 2 × 3 cm2. Each grid was 50 μm thick with
100 grid lines per inch. The amount of SiO2 nanoparticles in
the grid varied for different samples. This variability led to
different infrared absorption for the bulk SiO2 absorption at
900−1300 cm−1.
The SiO2 nanoparticles were loaded into the chamber and

the chamber was evacuated to a base pressure of ∼30 mTorr.
The entire chamber, BaF2 windows, and sample were then
heated to 250 °C and exposed to a continuous viscous O3 flow
at 0.35 Torr for 1 h. This O3 exposure removed the residual
adventitious carbon and defined the initial hydroxylated SiO2
nanoparticles. The O3 was produced by a TMEiC O3 generator
(Model OG-6OH) operating at an input O2 flow of 0.5 L/min
and an output O3 concentration of 200 g/m3 or approximately
13 wt % O2/87 wt % O3. This O3 treatment combined with
heating the BaF2 window flanges also ensured that negligible
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H2O adsorption occurred on the BaF2 window surfaces at H2O
pressures ≤10 Torr.

III. RESULTS AND DISCUSSION
III.I. Temperature and Surface Characterization.

Temperature calibration was obtained by increasing the H2O
pressure using a constant H2O flow into the chamber with no
pumping. The H2O pressure increases linearly until the H2O
begins to condense on the sample stage. At this point, the H2O
pressure versus time displays a reduced slope corresponding to
H2O condensation.
Examples of these H2O pressure versus time curves are

shown in Figure S2, Supporting Information. 100% relative
humidity was identified by the bends in the pressure versus
time curves. 100% relative humidities were found to be 32.5
Torr corresponding to a stage temperature of 30.4 °C; 27.0
Torr corresponding to a stage temperature of 27.2 °C; and
15.6 Torr corresponding to a stage temperature of 18.1 °C.
Surface preparation affects the chemical properties of the

SiO2 surface.
11 To demonstrate how the surface hydrophilicity

depends on surface preparation, water contact angles were
measured for three differently prepared SiO2 samples. The
samples examined were: (1) a sample with no surface cleaning;
(2) a sample that was heated at 124/145 °C stage/chamber
temperatures for 2 h; and (3) a sample that was heated at 124/
145 °C stage/chamber temperatures for 2 h and then cleaned
using a 50 wt % H2O2 plasma for 30 s.
Subsequently, water contact angles were measured for the

SiO2 surfaces prepared using these three methods. In these
measurements, three water droplets were placed on each
surface and a side-view was imaged as shown in Figure S3,
Supporting Information. A water droplet on a very hydro-
phobic surface will remain “dome shaped” as the water droplet
is more repelled from the SiO2 surface. A water droplet on a
hydrophilic surface will appear to be flat resulting from strong
attractive interactions. The sample with no surface cleaning
had the highest water contact angle of 51 ± 1°. The sample
that was only heated was slightly more hydrophilic with a water
contact angle of 38 ± 1°. Lastly, the sample that was heated
and cleaned with H2O2 plasma was the most hydrophilic with a
water contact angle of <5°.
III.II. H2O Layer Thickness with and without H2O

Vapor Pressure. III.II.I. Spectroscopic Ellipsometry Measure-
ments. H2O layer thicknesses were measured using spectro-
scopic ellipsometry after different preparations of the SiO2
surface. For these experiments, water vapor was dosed statically
into the chamber and then purged from the chamber with Ar
gas. This dose-then-purge procedure was repeated 10 times.
For the results shown in Figure 2, the H2O vapor was increased
to 20 Torr and held statically for 30 min prior to an Ar purge
for 10 min. Figure 2a shows the results for a SiO2 sample at
30.4 °C that was previously heated at stage/chamber
temperatures of 125/145 °C and cleaned with H2O2 plasma.
Figure 2b displays the results for a SiO2 sample at 30.4 °C that
was only heated at stage/chamber temperatures of 125/145
°C.
Initially, there was no H2O layer thickness on either SiO2

sample at 30.4 °C in Figure 2a,b. During H2O exposures at 20
Torr, Figure 2a reveals that the SiO2 sample that was heated
and cleaned with H2O2 plasma adsorbed a much thicker H2O
layer compared with the SiO2 surface that was only heated as
shown in Figure 2b. The sample that was heated and cleaned
with H2O2 plasma in Figure 2a had a H2O thickness of ∼2.2 Å

during the first 20 Torr exposure and ∼3.3 Å during the
second 20 Torr exposure. In contrast, the sample that was only
heated in Figure 2b had a H2O thickness of ∼0.2 Å during the
first 20 Torr exposure and ∼0.5 Å during the second 20 Torr
exposure. The H2O thicknesses only slightly increase versus
H2O exposure after the second H2O exposure in both Figure
2a,b.
After removal of the H2O exposure at 20 Torr, Figure 2a

shows that the H2O thickness quickly drops to a much lower
value. This H2O thickness reduction is consistent with the
desorption of a large fraction of the H2O coverage. At 30.4 °C,
the H2O pressure of 20 Torr can maintain a steady-state H2O
coverage on the hydroxylated SiO2 surface. In the absence of
the H2O pressure, the majority of the H2O coverage desorbs
from the surface. This behavior indicates that the H2O
coverage is dynamic.32,33 The H2O coverage is defined by the
competing adsorption and desorption rates for H2O on
hydroxylated SiO2 at 20 Torr and 30.4 °C. The H2O coverage
that is easily desorbed after removing the H2O pressure is
defined as “weakly adsorbed” H2O.
In addition, Figure 2a shows that a portion of the H2O

thickness remained after the H2O pressure of 20 Torr was
removed from the chamber. This residual H2O thickness was
larger for the sample that was heated and cleaned with H2O2
plasma compared with the sample that was only heated as
shown in Figure 2b. For the SiO2 sample in Figure 2a, the
residual H2O thickness was ∼0.6 Å after the first 20 Torr
exposure and ∼0.8 Å after the second 20 Torr exposure. For
the SiO2 sample in Figure 2b, the residual H2O thickness was
<0.1 Å after the first 20 Torr exposure and ∼0.2 Å after the
second 20 Torr exposure. In addition, the residual H2O
thicknesses slightly increased versus H2O exposure after the
second H2O exposure in both Figure 2a,b. The residual H2O
coverage that is retained on the hydroxylated SiO2 surface after

Figure 2. H2O thicknesses on SiO2 samples during 10 static H2O
exposures at 20 Torr for 30 min at a stage temperature of 30.4 °C.
There was a 10 min Ar purge between each H2O exposure. This
procedure was conducted on (a) hydroxylated sample from heating to
stage/chamber temperatures of 124/145 °C for 1 h and then cleaning
with H2O2 plasma for 30 s and (b) sample from heating to stage/
chamber temperatures of 124 °C/145 °C for 1 h.
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removing the H2O pressure is defined as “strongly adsorbed”
H2O.
III.II.II. FTIR Measurements. The presence of residual H2O

on the SiO2 surface after H2O exposures was also confirmed by
FTIR measurements on SiO2 nanoparticles at 25 °C. Figure 3a

shows the absorbance results at 25 °C for the initial
hydroxylated SiO2 nanoparticles, the hydroxylated SiO2
nanoparticles exposed to a H2O pressure of 1 Torr for 1
min, and then after evacuation for 1 min. For a H2O pressure
of 1 Torr/1 min, the FTIR spectrum was recorded in the first
15 s after the H2O exposure of 1 Torr/1 min while the H2O
pressure of 1 Torr was still present. The absorbance from gas
phase H2O has been subtracted from the spectra in Figure 3a
using the absorbance spectrum for gas phase H2O with the
SiO2 nanoparticles removed from the infrared beam path.
For the spectrum for the initial hydroxylated SiO2

nanoparticles, the isolated SiO−H stretching vibration is
observed at 3740 cm−1. The peak in the broad distribution of
hydrogen-bonded SiO−H stretching vibrations is monitored at
3690 cm−1. For the spectrum recorded in the first 15 s after the

1 Torr/1 min H2O exposure during the H2O exposure at 1
Torr, the absorbance from O−H stretching vibrations from
adsorbed H2O increases substantially between 2600−3700
cm−1. The gas phase H2O absorbance observed at frequencies
from 3400−4000 cm−1 have been removed from the
spectrum.34 After evacuation for 1 min, a large fraction of
the absorbance from adsorbed H2O is still present. Similar to
the results shown in Figure 2, the retention of this absorbance
indicates that residual H2O is present on the SiO2 surface at 25
°C after H2O exposure followed by H2O evacuation.
The adsorbed H2O features on the SiO2 nanoparticles also

grow in intensity with successive H2O exposures. The FTIR
measurements displayed in Figure 3b show the infrared
absorbance after repeated H2O exposures for 1 Torr/1 min
followed by H2O evacuation. The FTIR spectra were recorded
in the first 15 s after the H2O pressure of 1 Torr/1 min while
the H2O pressure of 1 Torr was still present. The absorbance
from gas phase H2O has again been subtracted from the
spectra in Figure 3b. There is then an evacuation time of 1 min
prior to the next H2O pressure of 1 Torr/1 min. Figure 3b
shows that the infrared absorbance is approaching a saturation
value by the third and fourth H2O exposure for 1 Torr/1 min.
These results are similar to the results for the H2O layer
thickness measured by spectroscopic ellipsometry in Figure 2a.
There is a H2O layer adsorbed on the SiO2 surface during the
H2O exposures. This adsorbed H2O layer grows slowly with
progressive H2O exposures.
III.III. Dependence of H2O Layer Thickness on

Increasing H2O Pressure. III.III.I. Spectroscopic Ellipsom-
etry Measurements. The effect of H2O pressure on the H2O
thickness was examined on hydroxylated SiO2 surfaces that had
been cleaned using the heating and H2O2 plasma treatment.
The H2O exposures were initially conducted at a stage
temperature of 30.4 °C. The H2O pressure was increased to
the target pressure and then left in the static chamber to evolve
with time for 30 min. Subsequently, the chamber was purged
with inert Ar gas for 10 min before starting a new H2O
exposure. The water exposures were conducted in order of
increasing pressures from 2 to 32.5 Torr.
Figure 4a shows the thickness of the H2O layer monitored

by in situ ellipsometry at the various H2O pressures. The H2O
thickness increases at higher H2O pressures. The H2O
thicknesses range from ∼0.5 Å at 5 Torr to ∼7 Å at 27.5
Torr. At H2O pressures greater than 27.5 Torr, the H2O
thickness starts higher and then reduces to a lower thickness
versus time. This behavior is related to the H2O pressure
reaching the saturation vapor pressure for the stage temper-
ature of 30.4 °C. The saturation vapor pressure was
determined to be 32.5 Torr for the stage temperature of
30.4 °C based on the calibrations shown in Figure S2,
Supporting Information. The H2O pressure approaches and
exceeds the saturation vapor pressure at H2O pressures of 30
and 32.5 Torr, respectively.
Figure 4b displays the measured H2O pressures in the

chamber. Up to H2O pressures of 27.5 Torr, the H2O
pressures have fairly flat tops. For H2O pressures of 30 and
32.5 Torr, the H2O pressure overshoots and then decreases
versus time. This reduction is related to H2O condensing
because the initial H2O pressure is close to or higher than the
saturation H2O pressure. This decrease corresponds with H2O
thicknesses in Figure 4a that also overshoot and then return to
a lower H2O thickness.

Figure 3. (a) IR absorbance spectra of initial SiO2 particle sample
prior to H2O exposure, in the first 15 s after an H2O exposure of 1
Torr/1 min while the H2O pressure of 1 Torr was still present, and
after evacuation for 1 min following 1 Torr/1 min H2O exposure. (b)
IR spectra of initial SiO2 particle sample prior to H2O exposure, and
then during four subsequent 1 Torr/1 min H2O vapor exposures
where the IR spectra were recorded in the first 15 s after the 1 Torr/1
min H2O exposures while the H2O pressures of 1 Torr were still
present. Absorbance from gas phase H2O has been removed from the
spectra in panel (a, b).
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The H2O thicknesses in Figure 4a also reveal that there is a
residual H2O thickness remaining on the hydroxylated SiO2
surface after the various H2O exposures at different H2O
pressures. This residual H2O thickness is not removed by the
10 min Ar purge after the H2O exposure. In addition, this
residual H2O thickness increases slowly with the H2O
exposures at progressively higher H2O pressures. The residual
H2O thickness is <0.1 Å after the 5 Torr H2O exposure. The
residual H2O thickness increases to ∼0.7 Å after the 27.5 Torr
H2O exposures.
III.III.II. Thicknesses for Strongly and Weakly Adsorbed

H2O Layers versus H2O Pressure. The total H2O thickness at a
given H2O pressure can be characterized by (1) the thickness
of the strongly adsorbed residual H2O layer that remains after
the H2O exposure and (2) the thickness of the more weakly
adsorbed H2O layer on top of the strongly adsorbed layer.
Figure 5 shows these H2O thicknesses corresponding to the
results in Figure 4. The H2O thickness in Angstroms is
converted to a H2O thickness in monolayers (ML) based on a
conversion factor of 1 ML = 2.82 Å.2,7,8 The mean van der
Waals diameter of H2O is 2.82 Å.7,8 This conversion factor of 1
ML = 2.82 Å is slightly larger than 1 ML = 2.76 Å for
hexagonal ice (ice I).28,35

The total H2O thickness versus pressure in Figure 5 is
somewhat similar to the general shape of multilayer adsorption
curves expected from the Brunauer−Emmett−Teller (BET)
model.36 The total H2O thickness increases steadily versus
pressure. The strongly adsorbed layer levels off at a H2O
thickness of ∼0.9 Å. The weakly adsorbed H2O layer thickness
also increases steadily with H2O pressure to ∼6.5 Å at 27.5
Torr. The weakly adsorbed H2O layer thickness increases to
∼7.5 Å at 30 Torr which is near 100% relative humidity at 30.4
°C.
The absolute total H2O thickness versus pressure in Figure 5

is comparable to ATR-IR results for water on hydrophilic SiO2
surfaces.8 The absolute total H2O thickness results in Figure 5

are also close to the ellipsometry results for water on silicon
wafers at 18 °C after washing the wafer with HF/HNO3
followed by exposure to boiling HNO3 for 5 min.

13 In contrast,
the absolute total H2O thickness versus pressure in Figure 5 is
about 2 times less than earlier ATR-IR and XPS results for the
water thickness on hydrophilic surfaces at 20.8 ± 0.5 °C.7,10,11
The strongly and weakly adsorbed H2O thicknesses can also

be compared with the ice-like/ordered and liquid-like/
disordered layers identified in the ATR-IR studies.8 Relative
to the total thickness, the thickness of the ice-like/ordered
layer in the ATR-IR studies is larger than the strongly adsorbed
layer in Figure 5. In addition, relative to the total thickness, the
thickness of the liquid-like layer in the ATR-IR studies is less
than the weakly adsorbed layer in Figure 5.
In addition to this research on flat hydroxylated SiO2

surfaces and the above-mentioned investigations on flat
hydroxylated SiO2 surfaces, there have also been investigations
on H2O adsorption on hydroxylated SiO2 particles.3 Many
techniques have been utilized to measure the H2O surface
coverage versus H2O relative humidity.37−40 These studies
yield a functional form for the multilayer adsorption that is
similar to the results in Figure 5 for the total H2O layer
thickness. However, the absolute H2O coverages at 90% RH
from these different techniques vary from about 2−7 ML.3

III.III.III. FTIR Measurements. Complementary FTIR spectra
were also recorded for H2O adsorption on SiO2 nanoparticles.
H2O was exposed to initial hydroxylated SiO2 nanoparticles at
25 °C at varying pressures between 0.5−5 Torr for 1 min. The
FTIR spectra were recorded in the first 15 s after the H2O
pressure at the given H2O pressure for 1 min while the H2O
pressure was still present. After the H2O exposure, the chamber
was evacuated for 5 min. These FTIR experiments mirror the
ellipsometry experiments shown in Figure 4a where the
increasing H2O pressures are separated by purge times.
Figure 6 shows the infrared absorbance for the O−H

stretching vibrations from 3000 to 3800 cm−1. This range
covers the O−H stretching vibrations from adsorbed H2O and
the SiOH surface species on the hydroxylated SiO2 surface.

Figure 4. (a) H2O layer thickness on hydroxylated SiO2 sample at
stage temperature of 30.4 °C for progressively increasing H2O
pressures during 30 min static H2O exposures. There was a 10 min Ar
purge in between each H2O exposure. (b) Pressures in chamber
during H2O exposures in panel (a).

Figure 5. Thickness of total H2O layer, weakly adsorbed H2O layer,
and strongly adsorbed H2O layer on SiO2 sample at a stage
temperature of 30.4 °C corresponding to various H2O pressures
shown in Figure 4.
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The absorbance from gas phase H2O has been removed from
the spectra in Figure 6. The results are similar to the
ellipsometry results that observed larger H2O thicknesses at
higher H2O pressures in Figure 4a. The FTIR results in Figure
6 indicate that the absorbance increases progressively at higher
H2O pressure.
III.IV. Dependence of H2O Layer Thickness on

Substrate Temperature. Experiments were also performed
at lower stage temperatures of 18.1 and 27.2 °C. These
experiments were similar to the experiments shown in Figure 4
at the stage temperature of 30.4 °C. However, the H2O
pressures were lower because of the lower saturation H2O
vapor pressures. The saturation H2O vapor pressures at 18.1
and 27.2 °C are 15.6 and 27.0 Torr, respectively. These
saturation vapor pressures were determined based on the
calibrations shown in Figure S2, Supporting Information.
Figure 7a shows the H2O thicknesses for increasing H2O

pressures at the stage temperature of 18.1 °C. Like the results
shown in Figure 4a, the H2O exposures were conducted for 30
min. Ar purged the chamber for 10 min between the water
exposures. The H2O thicknesses increase at higher H2O
pressures. The H2O thicknesses range from ∼0.9 Å at 5.5 Torr
to ∼5.0 Å at 14.5 Torr. The H2O thicknesses in Figure 7a also
show that there is residual H2O thickness remaining after the
various H2O exposures. This residual H2O thickness is not
removed by the Ar purge after the H2O exposure. This residual
H2O thickness increases slowly with the H2O exposures to
progressively higher H2O pressures. For example, the residual
H2O thickness is ∼0.2 Å after the 5.5 Torr H2O exposure. The
residual H2O thickness increases to ∼0.5 Å after the 14.5 Torr
H2O exposures.
At H2O pressures greater than 14.5 Torr, the H2O thickness

overshoots and then returns to a lower thickness. This
behavior is caused by the H2O pressure exceeding the
saturation vapor pressure for the stage temperature of 18.1
°C. At H2O pressures of 16 and 17.5 Torr, the H2O pressure
initially exceeds the saturation vapor pressure. Figure 7b
displays the measured H2O pressures in the chamber. Up to a

H2O pressure of 14.5 Torr, the H2O pressures are very
constant versus time. For the higher H2O pressures of 16 and
17.5 Torr, the H2O pressure has a small transient to higher
pressure prior to a short reduction versus time. These H2O
pressure transients correspond with the H2O thicknesses that
increase and then return to a lower H2O thickness.
Figure 8 shows the strongly adsorbed residual H2O

thicknesses and the weakly adsorbed H2O thicknesses for the
various H2O pressures corresponding to the results in Figure 7
at 18.1 °C. The results are consistent with multilayer
adsorption at higher H2O pressure. The strongly adsorbed

Figure 6. IR absorbance spectra at 25 °C from initial SiO2 particles
and then during various H2O exposures for 1 min at various
increasing H2O pressures. IR spectra were recorded in the first 15 s
after the 1 min H2O exposures while the H2O pressures were still
present. Absorbance from gas phase H2O has been subtracted from
the spectra.

Figure 7. (a) H2O layer thickness on hydroxylated SiO2 sample at
stage temperature of 18.1 °C for progressively increasing H2O
pressures during 30 min static H2O exposures. There was a 10 min Ar
purge in between each H2O exposure. (b) Pressure in chamber during
H2O exposures in panel (a).

Figure 8. Thickness of total H2O layer, weakly adsorbed H2O layer,
and strongly adsorbed H2O layer on SiO2 sample at a stage
temperature of 18.1 °C corresponding to various H2O pressures
shown in Figure 7.
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layer levels off at a H2O thickness of 0.5 Å at 18.1 °C. The
weakly adsorbed H2O layer thickness increases steadily with
H2O pressure and increases more rapidly as the RH
approaches 100%.
Figure 9 shows the H2O thicknesses for a range of H2O

pressures at the stage temperature of 27.2 °C. These

experiments were also performed like the experiments shown
in Figures 4 and 7. The H2O thicknesses increase at higher
H2O pressures. The H2O thicknesses range from ∼0.5 Å at 5
Torr to ∼7.8 Å at 25 Torr. The H2O thicknesses in Figure 9a
also show that there is a residual H2O thickness remaining after
the various H2O exposures. This residual H2O thickness
increases slowly with the H2O exposures to progressively
higher H2O pressures. The residual H2O thickness is ∼0.3 Å
after the 5 Torr H2O exposure. The residual H2O thickness
increases to ∼1.2 Å after the 25 Torr H2O exposures.
At H2O pressures greater than 25 Torr, the H2O thickness

overshoots and then returns to a lower thickness. This
behavior is again related to the H2O pressure exceeding the
saturation vapor pressure for the stage temperature of 27.2 °C.
Figure 9b displays the measured H2O pressures in the
chamber. Up to a H2O pressure of 25 Torr, the H2O pressures
are constant versus time. For H2O pressures of 27 and 29 Torr,
the H2O pressure increases to a higher pressure before
returning to a lower pressure. These H2O pressure transients
correspond with the H2O thicknesses that overshoot and then
return to a lower H2O thickness.
Figure 10 shows the strongly adsorbed residual H2O

thicknesses and the weakly adsorbed H2O thicknesses for the
various H2O pressures at 27.2 °C corresponding to the results
in Figure 9. Like the results in Figures 5 and 8, Figure 10 is
consistent with multilayer adsorption. The strongly adsorbed
layer levels off at a H2O thickness of ∼1.2 Å at 27.2 °C. The
weakly adsorbed H2O increases steadily with H2O pressure
and increases more rapidly as the RH approaches 100%.

Although Figures 5, 8 and 10 show plots of H2O thickness
versus RH that are consistent with multilayer adsorption, they
are not fit well using the simple BET model.36 Reliable c values
from the BET model could not be determined that would
establish the energy difference between the H2O adsorbates in
the first layer on the hydroxylated surface and the subsequent
H2O molecules in the H2O multilayer. Consequently, the
adsorption energies for H2O were determined using other
methods as discussed below.
III.V. Adsorption Energies for Strongly and Weakly

Adsorbed H2O on Hydroxylated SiO2. The adsorption
energy for H2O in the strongly adsorbed residual layer that
remains on the hydroxylated SiO2 surface after the H2O
exposure can be estimated using the Redhead equations for
thermal desorption.41 The equation for first-order desorption
from the Redhead treatment is41

N t t E RT( ) d /d exp /1= = [ ] (1)

In this equation, N(t) is the desorption signal, dΘ/dt is the
time derivative of the coverage, ν1 is the desorption
preexponential, E is the desorption activation energy, and T
is the temperature. The desorption activation energy is
assumed to be equal to the adsorption energy.
Stable H2O coverage on the hydroxylated SiO2 surface can

be equated to a low desorption rate and a long H2O residence
time. For example, stability of the strongly adsorbed residual
layer at 25 °C is consistent with a desorption peak temperature
Tp > 25 °C during a linear temperature ramp. Based on a
desorption peak temperature Tp > 25 °C and assuming a
desorption preexponential of ν1 = 1 × 1013 s−1, the Redhead
equations indicate that the desorption activation energy or
adsorption energy for H2O in the strongly adsorbed residual
layer is E > 20 kcal/mol.
This estimate for the adsorption energy for H2O in the

strongly adsorbed residual layer is consistent with the
previously measured kinetics for H2O desorption from
hydroxylated SiO2 surfaces.

9 Based on laser-induced thermal

Figure 9. H2O layer thickness on hydroxylated SiO2 sample at stage
temperature of 27.2 °C for progressively increasing H2O pressures
during 30 min static H2O exposures. There was a 10 min Ar purge in
between each H2O exposure. (b) Pressure in chamber during H2O
exposures in panel (a).

Figure 10. Thickness of total H2O layer, weakly adsorbed H2O layer,
and strongly adsorbed H2O layer on SiO2 sample at a stage
temperature of 27.2 °C corresponding to various H2O pressures
shown in Figure 9.
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desorption (LITD) experiments using H2
16O and H2

18O, the
activation energy and preexponential for H2O desorption were
obtained at different H2O coverages.9 The activation energy
for H2O desorption approaches E ∼ 20 kcal/mol for small
H2O coverages close to Θ ∼ 0.9

ATR-IR measurements of the isosteric heat of adsorption for
H2O on hydroxylated SiO2 surface also reveal high H2O
adsorption energies at low H2O thicknesses.11 The adsorption
energy increases progressively for H2O thicknesses <10 Å.11

The adsorption energy increases to ∼14 kcal/mol at ∼1.5 Å.
The H2O adsorption energy could easily be expected to reach
20 kcal/mol at Θ ∼ 0.
In contrast, the BET modeling of H2O adsorption on SiO2

particles obtains c values that yield an H2O adsorption energy
in the first layer that is much lower than 20 kcal/mol.37 The
H2O adsorption energy in the first layer on SiO2 particles is
determined to be 12.0 kcal/mol from the BET modeling.37

This adsorption energy is only nominally higher than the
enthalpy of condensation of H2O vapor of 10.5 kcal/mol.37

This discrepancy may result from the presence of the strongly
adsorbed H2O layer on the hydroxylated SiO2 particles prior to
the various measurements. Since these SiO2 particle measure-
ments are based on differences and did not begin with an
anneal to T ≥ 120 °C to remove the strongly adsorbed H2O
layer, they may not be able to detect the strongly adsorbed
layer.
There are several explanations for the high H2O adsorption

energy in the “ice-like” vicinal layer on hydroxylated SiO2.
Calculations have shown that H2O forms a well-ordered and
stable hydrogen-bonded network on the (100) surface of β-
cristobalite described as ice tessellation.42 In agreement with
the current studies, molecular dynamics simulations indicate
that this network is stable up to room temperature.42 Near-
infrared evanescent-wave cavity ring-down absorption spec-
troscopy has also identified an ordered H2O monolayer in the
first monolayer on hydroxylated SiO2 consistent with a
quasicrystalline network.43 The SiOH silanol species on the
hydroxylated SiO2 surface are also acidic.44 Proton transfer
from the SiOH species to H2O may create SiO− H3O+ ion
pairs that may be more strongly bound in the first monolayer.9

Subsequent monolayers have a lower adsorption energy
because they are only bound by hydrogen bonding.
At higher H2O coverages, the desorption activation energy

determined from the LITD measurements decreases with H2O
coverage.9 The desorption activation energy reaches E ∼ 13
kcal/mol at a H2O coverage of 0.4 ML. This desorption
activation energy is close to the measured activation energy for
desorption of H2O from ice multilayers of 11.9,32 13.9,45 and
11.5 kcal/mol.46 These desorption energies are all slightly
higher than the heat of vaporization of H2O from liquid water
of 9.7 kcal/mol. The adsorption energy for H2O in the weakly
adsorbed layer on hydroxylated SiO2 should be close to these
previous measurements from ice multilayers or liquid water.
The results in Figures 5, 8 and 10 for the H2O thickness

versus H2O pressure can also be compared with predictions for
the H2O coverage on hydroxylated SiO2 from the H2O
adsorption and desorption kinetics.9 These predictions use the
measured H2O desorption kinetics from hydroxylated SiO2
given by dΘ/dt = −ν1(Θ) exp[−Ed(Θ)/RT] where ν1(Θ) =
exp(43.4 − 7.1Θ − 37.5Θ2) and E(Θ) = 21.3−15.4Θ1/2 kcal/
mol.9 This equation for E(Θ) is valid for H2O coverages up to
0.4 ML.9

These predictions for the H2O coverage also use a reported
H 2O s t i c k i n g c o effi c i e n t g i v e n b y S (Θ ) =
1 − 0.73 exp(−21Θ).9 This sticking coefficient becomes S =
1 for H2O multilayers of water or ice.32,46 Although the H2O
desorption kinetics are only applicable up to 0.4 ML, the
predicted H2O coverages expected from the adsorption and
desorption kinetics are in approximate agreement with the
strongly adsorbed H2O coverages measured in Figures 5, 8 and
10. The predicted H2O coverages are in the range of 0.1−0.4
ML at H2O pressures from 0.1−5 Torr at temperatures from
18.1 to 30.4 °C employed in this investigation.
Higher H2O pressures will lead to H2O multilayer

adsorption. The coverage-dependent desorption activation
barrier is expected to level off at a value of E ∼ 10−12 kcal/
mol in the H2O multilayer. The results in Figures 4, 7 and 9
indicate that the H2O multilayer is not stable when the H2O
pressures are removed at 18.1, 27.2, and 30.4 °C. This
instability is consistent with the desorption kinetics and
residence times expected for H2O on the surface of the H2O
multilayer. Based on estimates using eq 1, the H2O desorption
rate from the top monolayer of the H2O multilayer is 1.58 ×
104 ML/s assuming a desorption activation barrier of 12 kcal/
mol, a desorption preexponential of 1 × 1013 s−1, and a
temperature of 25 °C. The inverse of this desorption rate is a
H2O residence time of only 6 × 10−5 s/ML. The H2O
multilayer will not be stable in the absence of the higher H2O
pressures.
III.VI. Dependence of H2O Layer Thickness on

Decreasing H2O Pressure and Purge Time. The H2O
pressures employed in Figure 4 were also employed in
descending order to determine the effect on the H2O layer
thicknesses at a stage temperature of 30.4 °C. In Figure S4a,
Supporting Information, the highest pressure of 25 Torr was
dosed 3 times to form the strongly adsorbed layer on the
hydroxylated SiO2 surface. The purge time for Argon was 10
min. The strongly adsorbed layer increased in thickness during
the first two H2O exposures of 25 Torr before reaching
saturation by the third H2O exposure. Then the H2O pressures
were decreased in a reverse order compared with Figure 4.
Figure S4a, Supporting Information, shows that the weakly
adsorbed H2O layer thicknesses for the various H2O pressures
were the same as in Figure 4 after the third H2O exposure of
25 Torr. This third H2O exposure at 25 Torr saturated the
weakly adsorbed H2O layer thickness. The strongly adsorbed
layer thickness remained constant during the H2O exposures at
progressively lower H2O pressures.
Experiments also explored the effect of the purge time on

the strongly adsorbed H2O layer at a stage temperature of 30.4
°C. Figure S4b, Supporting Information, displays additional
investigations at longer purge times of 100 min. These results
reveal that the strongly adsorbed layer cannot be removed by a
longer purge. These results further confirm the H2O
adsorption energy E > 20 kcal/mol. In addition, the H2O2
plasma procedure used to clean the initial SiO2 surfaces was
also exposed to a hydroxylated SiO2 surface containing the
saturated strongly adsorbed layer. After the H2O2 plasma
exposure, the H2O layer thickness was identical to the
saturated strongly adsorbed layer thickness.
III.VII. Dependence of H2O Layer Thickness on

Evacuation Time and Annealing Temperature. The
H2O layer thickness on hydroxylated SiO2 nanoparticles is
slowly desorbed versus evacuation time at 25 °C after a H2O
exposure at 1 Torr/1 min. Figure 11a shows the initial
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hydroxylated SiO2 surface, the hydroxylated SiO2 surface
immediately after a 1 Torr/1 min H2O exposure, and then the
hydroxylated SiO2 surface after evacuation for a variety of
evacuation times at 25 °C. The absorbance from any gas phase
H2O has again been subtracted from the spectra in Figure 11a.
The H2O layer is slowly desorbed under vacuum at 25 °C.
However, there is a strongly adsorbed H2O layer that remains
after an 80 min evacuation. These results are consistent with
the H2O layer thickness results after removing the H2O
pressure shown in Figures 4, 7 and 9.
Experiments were also performed by heating the hydroxy-

lated SiO2 nanoparticles to determine the stability of the
strongly adsorbed H2O layer. Figure 11b shows FTIR spectra
of the initial hydroxylated SiO2 nanoparticles, the hydroxylated
SiO2 nanoparticles immediately after a 1 Torr/1 min H2O
exposure, the hydroxylated SiO2 nanoparticles after evacuation
for 80 min, and then after annealing to a variety of
temperatures from 60 to 140 °C under vacuum. The
absorbance from any gas phase H2O has been removed from
the spectra in Figure 11b. The spectrum after annealing to 140
°C is equivalent to the initial hydroxylated SiO2 nanoparticles.
This behavior indicates that all the adsorbed H2O has been
desorbed by annealing to 140 °C.
The FTIR spectra in Figure 11b display a progressive loss of

absorbance for the O−H stretching vibrations of adsorbed
H2O versus annealing temperature. There is minimal
absorbance loss from recombinative desorption after annealing
to 140 °C. SiOH surface hydroxyl species are just beginning to
be lost resulting from recombinative desorption (2SiOH →
SiOSi + H2O) at 140 °C.18 The SiOH surface hydroxyl species
are lost slowly with annealing and are not completely removed
until annealing temperatures of 1000 °C.18

The strongly adsorbed H2O layer thickness on hydroxylated
SiO2 versus annealing was also measured using spectroscopic
ellipsometry. In these experiments, the SiO2 samples were
heated to a stage temperature of 124 °C and cleaned with
H2O2 plasma for 30 s. The samples were then cooled down to
a stage temperatures of 30.4 °C and then exposed to H2O to
saturate the strongly adsorbed layer. The H2O exposure
consisted of three 30 min, 25 Torr static water exposures
separated by Ar purging for 10 min. There was ∼0.8 Å of
strongly adsorbed H2O on the hydroxylated SiO2 surface after
these H2O exposures. The sample was then heated to a
specified annealing temperature and held at that annealing
temperature for 1 h. Following the annealing, the chamber was
cooled to a stage temperature of 30.4 °C and the H2O layer
thickness was measured with ellipsometry.
Figure 12a shows the H2O layer thickness before annealing

and after annealing for eight SiO2 samples for annealing stage

temperatures from 72 to 124 °C. The H2O layer thickness is
progressively reduced over this temperature range. The
thicknesses of the H2O layer before and after annealing were
then employed to calculate the percentage of the H2O layer
remaining after annealing. These results in Figure 12b reveal
that there is a nearly linear reduction in the strongly adsorbed
H2O layer thickness for annealing stage temperatures from 72
to 124 °C. These results are in good agreement with the FTIR
results for the change in absorbance versus annealing from 60
to 140 °C displayed in Figure 11b.

IV. CONCLUSIONS
The H2O layer on flat hydroxylated SiO2 surfaces and SiO2
nanoparticles was examined in vacuum using spectroscopic
ellipsometry (SE) and Fourier transform infrared (FTIR)
spectroscopy. The SE measurements monitored H2O layer
thicknesses versus H2O pressure at various temperatures. The
H2O pressures were varied up to the saturation H2O vapor
pressure corresponding to the sample temperature. The FTIR

Figure 11. (a) IR absorbance from initial SiO2 particles, after H2O
exposure at 1 Torr/1 min, and then after various evacuation times.
(b) IR absorbance from initial SiO2 particles, after H2O exposure at 1
Torr/1 min, and then after various annealing temperatures.
Absorbance from any gas phase H2O has been removed from the
spectra.

Figure 12. (a) Strongly adsorbed H2O layer thickness before and after
annealing to various stage temperatures. (b) Percentage of strongly
adsorbed layer remaining after annealing to various stage temper-
atures.
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measurements detected the H2O layer using the O−H
stretching vibration for H2O. Both the SE and FTIR
measurements revealed that the H2O layer grew versus H2O
pressure at temperatures from 18.1 to 30.4 °C. There was also
a H2O layer remaining on the SiO2 surface after removing the
H2O pressure.
The SE measurements revealed that there were two types of

H2O layers: a thin strongly adsorbed layer and a weakly
adsorbed layer that was much thicker at high H2O pressures.
The strongly adsorbed layer was not lost by removing the H2O
pressure. However, the strongly adsorbed layer could be
desorbed by heating the sample stage to 124 °C. The weakly
adsorbed layer could be added or subtracted by increasing or
decreasing the H2O pressure. The FTIR measurements
confirmed the presence of the two types of H2O layers.
The SE measurements characterized the layer thicknesses for

the strongly and weakly adsorbed layers versus H2O pressure at
18.1, 27.2, and 30.4 °C. Using repeating H2O exposures, the
thin strongly adsorbed layer reached an approximate plateau at
∼1 Å at the various temperatures. Based on the stability of the
strongly adsorbed H2O layer, this layer was consistent with an
adsorption energy of >20 kcal/mol based on the Redhead
equations for desorption. Other studies have characterized this
vicinal layer as an “ice-like” layer composed of a crystalline
orientation in the first monolayer.
In contrast to the thin strongly adsorbed H2O layer, the

weakly adsorbed layer obtained much higher multilayer H2O
thicknesses at larger H2O pressures. For example, the weakly
adsorbed multilayer thickness was 7.5 Å at 92% relative
humidity at 30.4 °C (30 Torr). The weakly adsorbed layer has
characteristics that resemble multilayer adsorption curves
expected from the BET model. The weakly adsorbed layer is
believed to be more “liquid-like” with an adsorption energy of
∼12 kcal/mol similar to the desorption energy for H2O from
ice or water multilayers.
The SE and FTIR investigations confirmed that the strongly

adsorbed H2O layer was stable at temperatures from 18.1 to
30.4 °C for purge times as long as 100 min and evacuation
times as long as 80 min, respectively. The SE and FTIR studies
also revealed that the strongly adsorbed H2O layer was not
completely lost until reaching annealing temperatures of 124−
140 °C. These studies confirm the existence of a thin strongly
adsorbed vicinal H2O layer on hydroxylated SiO2 surfaces and
a weakly adsorbed H2O layer on top of the vicinal layer that is
dependent on H2O pressure and is only present under H2O
exposure.
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